Abstract. Multiple surface-plasmon-polariton (SPP) waves at a single free-space wavelength can be guided by the interface of a metal and a chiral sculptured thin film (STF). Multilayers comprising a chiral STF of lanthanum fluoride deposited on an aluminum thin film deposited on a glass substrate were fabricated. In some chips, a 5-nm-thick layer of silver nanoparticles was deposited at one of two selected depths in the chiral STF. The chips were then deployed in a prism-coupled configuration in a custom-built machine for surface multiplasmonic resonance imaging (SMPRI), in order to observe the effects of the silver-nanoparticle layer on the multiple SPP-wave modes. The angular locations of the SPP-wave modes were found to be not greatly dependent on whether the silver-nanoparticle layer was deposited after the first or the second period of a three-periods-thick chiral STF. With aqueous solutions of sucrose as infiltrant fluids, the angular shifts of the SPP-wave modes were determined as the refractive index of the infiltrant fluid increased. The use of a charge-coupled devices camera and upgraded motion-control equipment for SMPRI was found to increase the sensitivity of the chip. The silver-nanoparticle layer was also found to enhance the sensitivity.
Introduction

Surface-Plasmon-Polariton Waves
The surface-plasmon-polariton (SPP) wave has dominated research on electromagnetic surface waves for several decades due to the simple and easy way of exciting it in academic, research, and industrial settings for optical-sensing purposes. 1 To date, the SPP-wave phenomenon has been exploited to sense hundreds of biological, chemical, and biochemical analytes with high sensitivity. [2] [3] [4] [5] [6] [7] In most practical implementations, the SPP wave is guided by the interface of a thin metal film and an isotropic dielectric material, with both materials taken to be isotropic and homogeneous. 1, 4 An associated drawback is that only one SPP-wave mode can be guided by the metal/dielectric interface at a specific free-space wavelength when the dielectric material is homogeneous. [8] [9] [10] [11] However, understanding of the SPP-wave phenomenon has evolved to encompass partnering dielectric materials that are periodically nonhomogeneous in the direction normal to the interface. Chiral liquid crystals 12 and periodically nonhomogeneous sculptured thin films (STFs) 13 exemplify such dielectric materials. The interfaces of these dielectric materials with metals have been experimentally shown to be able to guide multiple SPP-wave modes at a single free-space wavelength. [14] [15] [16] This development has engendered the field of surface multiplasmonics 11 and has led to surface-multiplasmonic sensing of single analytes.
17,18
The Turbadar-Kretschmann-Raether (TKR) configuration 8, 10, 11 shown in Fig. 1 is the most common method to excite an SPP wave, as its implementation is inexpensive. In this configuration, a thin film of a plasmonic metal-such as aluminum-is deposited through a physicalvapor-deposition (PVD) technique onto the hypotenuse of a 45 deg-90 deg-45 deg prism of refractive index n prism that is sufficiently high. Suppose that air, which is an isotropic dielectric material with refractive index n air ¼ 1, partners that metal thin film. Both materials are isotropic and homogeneous. A monochromatic p-polarized plane wave of fixed intensity is directed toward one slanted surface of the prism at an angle α shown in Fig. 1 . After refraction, light is incident on the prism/metal interface at an angle θ with respect to the normal to that interface, where E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 1 1 6 ; 3 5 9 sinðα − π∕4Þ ¼ n prism sinðθ − π∕4Þ:
Light is then reflected from the prism/metal interface toward the other slanted face. On emergence from that slanted face, the intensity of light is measured, typically with a photodetector. On a plot of the measured reflectance against θ, a sharp drop in reflectance is seen. This drop in reflectance is indicative of the excitation of an SPP wave guided by the interface of the two partnering materials, provided the transmittance through the metal film into air is null valued. If air is replaced as the partner of the metal film by some other isotropic dielectric material such as an aqueous solution, the value of θ for the reflectance drop changes. Thus, the angular location of the SPP wave can be used to determine the refractive index of the partnering dielectric material. This technique allows a single SPP wave to sense the presence of an analyte infiltrating the partnering dielectric material. The principle remains the same even if the partnering dielectric material were to be anisotropic.
11
However, if the partnering dielectric material were to be periodically nonhomogeneous in the thickness direction, multiple SPP-wave modes may be guided at a single wavelength. If that dielectric material were to be porous as well, multiple analytes could possibly be sensed at the same time. 17 A chiral STF meets these requirements. 18 
Chiral Sculptured Thin Films
A chiral STF is a periodically nonhomogeneous material comprising parallel nanohelixes oriented along the thickness direction. 13 The material is grown on planar substrates through PVD techniques in a low-pressure chamber. The morphology is developed by tilting the substrate so that a collimated flux of an evaporated material is directed toward the substrate at an angle χ v ∈ Fig. 1 Schematic of the TKR configuration for optical sensing. A substrate with a metal thin film is affixed to the hypotenuse of a 45 deg-90 deg-45 deg prism. Ideally, the substrate and the prism have the same refractive index. On the other side of the metal film is an aqueous solution (or some other fluid) containing the analyte to be sensed. A monochromatic p-polarized plane wave is incident onto one slanted face of the prism and emerges from the other slanted face of the prism. ð0 deg; 90 deg with respect to the substrate plane. After χ v is fixed, at a fixed rate the substrate is rotated about an axis which passes normally through it while deposition is taking place. 11 
Surface Multiplasmonic Resonance Imaging
In the traditional TKR configuration, a photodetector is used to measure the intensity of light emerging from the second slanted face of the prism. If the photodetector is replaced by a chargecoupled devices (CCD) camera, the technique is called surface plasmon-resonance imaging (SPRI). 19, 20 This label-free technique is used to monitor protein-carbohydrate interactions, immunoassays, and bioaffinity interactions. [21] [22] [23] The hallmark of SPRI is that nanoparticles of either gold or silver can be functionalized to attach recognition molecules, which will attract analytes of a certain kind. 24 These functionalized nanoparticles can be sensed through SPRI, as it is very sensitive to minute changes in the proximity of the substrate/thin-film environment. 25 Also, functionalization makes SPRI very selective.
This very-sensitive SPRI has the potential to sense multiple analytes or interactions at the same time in the surface-multiplasmonics scenario, leading thereby to surface-multiplasmonicresonance imaging (SMPRI). If a silver-nanoparticle layer can be embedded within a chiral STF, it is possible that the silver nanoparticles can be functionalized with specific recognition molecules to attach to specific analytes. Abbas et al. 26 have shown that the dynamic sensitivity of the sensor itself can increase dramatically, provided that the volume fraction of silver nanoparticles embedded throughout a chiral STF does not exceed 1%.
Moving toward eventually a practical implementation of SMPRI for multianalyte sensing, we decided to fabricate chiral STFs containing thin layers of silver nanoparticles. 27 But as the effects of silver-nanoparticle layers on surface multiplasmonics and optical sensing of analytes were not known within an experimental setting, we undertook the research reported here.
The plan of this paper is as follows. Section 2 provides detailed descriptions of (a) the fabrication process of all samples used in this work and (b) an explanation of the reflectance-measurement process. Experimental results are presented and discussed in Sec. 3. Chief conclusions are succinctly delineated in Sec. 4.
Materials and Methods
In order to implement the TKR configuration for SMPRI, we selected both the prism and the substrate to be made of SF11 glass and the chiral STF to be made by evaporating lanthanum fluoride (LaF 3 ). Aluminum (Al) was selected for the metal film, and silver (Ag) for the nanoparticles. The layer of silver nanoparticles must be thin enough so that it does not drastically change the optical response of the sensor and it must also provide a sufficiently large density of binding sites for recognition molecules and analytes. After several experimental and simulation studies, 17 the thickness of the silver-nanoparticle layer was fixed at 5 nm.
Fabrication of Surface Multiplasmonic Resonance Imaging Chips
Each SMPRI chip comprises an SF11 glass substrate on one face of which a dense thin film of Al and a chiral STF of LaF 3 are deposited. The chiral STF may or may not contain a layer of Ag nanoparticles.
Deposition of Al thin film
The thin-film-deposition process begins with a thorough cleaning of 3.56 × 3.56-cm 2 SF11 glass substrates (Swiss Jewel, Philadelphia, Pennsylvania) of refractive index n SF11 ¼ 1.778. The substrates were cleaned in an ultrasonic bath after the mechanical cleaning and blow-dried with a nitrogen gun. Then, four substrates were mounted onto a rotatable sample holder with Kapton A custom-built low-pressure chamber was prepared to hold a tungsten-wire basket (B1-.040W, R.D. Mathis, Long Beach, California), which housed an Al pellet. A deposition controller was programmed to accommodate three material-specific parameters (bulk density, z-ratio, and tooling factor) for Al. The sample holder was then placed in the chamber and oriented to ensure that χ v ¼ 90 deg. 28 In order to facilitate the deposition of a planar, dense, and homogeneous thin film, a computer-controlled stepper motor was turned on to rotate the sample holder at 120 rpm about a central normal axis passing through the sample holder. A shutter between the basket and the sample holder was then engaged to block any vapor flux from reaching the substrates, the door of the chamber was then closed, and air was evacuated from the chamber until a base pressure P base ¼ 10 −6 Torr was reached. Electrical current was then passed through the tungsten-wire basket to heat the Al pellet. The current was slowly increased. Aluminum began to sublime when the current was ∼32 A. The shutter was disengaged and a quartz crystal monitor (QCM) mounted close to the samples was used to maintain a deposition rate of 0.1 nm s −1 . Once the QCM had indicated that a 30-nm-thick Al film had been deposited, the shutter was re-engaged to block additional Al vapor flux from reaching the samples and the current was ramped down to 0 A. Nitrogen was introduced into the chamber after 15 min to allow the samples to cool.
Deposition of chiral sculptured thin film
After the low-pressure chamber was brought back to 1 atm pressure, the chamber door was opened and the tungsten-wire basket was replaced with a notched boat (S4-.005W, R.D. Mathis), which was filled with LaF 3 powder. Lanthanum fluoride was chosen as the partnering dielectric material in this research because it is somewhat hygroscopic, has a bulk refractive index slightly below that of SF11 glass, and has been shown to successfully facilitate the excitation of multiple SPP-wave modes for optical sensing of water-borne analytes. 18 Only two substrates, each with a 30-nm-thick Al thin film, were affixed to the sample holder. The other substrates were placed in a desiccator for future LaF 3 depositions. The bulk density, z-ratio, and tooling factor for LaF 3 were programmed into the deposition controller. The substrate holder was oriented to ensure that χ v ¼ 15 deg.
A computer-controlled stepper motor was programmed to rotate the sample holder about a central normal axis passing through it in increments of 18 deg with a 48-s pause between successive increments. Twenty 18-deg steps were needed to complete the deposition of one structural period of thickness 2Ω ¼ 430 nm. The number N of structural periods was chosen to be either three or four, in order to later distinguish between SPP-wave modes and waveguide modes through optical experiments. 18, 29, 30 The shutter between the boat and the sample holder was engaged, the chamber door was closed, and the chamber was pumped to P base ¼ 5 × 10 −6 Torr.
Current through the notched boat was increased in increments of 5 A until a suitable vapor flux was generated at about 95 A. Then, the shutter was disengaged and the collimated vapor flux was allowed to reach the samples. The deposition rate was held fixed at 0.4 nm s −1 with a AE0.02 nm s −1 variation, using the QCM. The shutter was re-engaged to block additional vapor flux from reaching the samples when the QCM indicated that a chiral STF of thickness either 1290 (N ¼ 3) or 1720 nm (N ¼ 4) had been deposited.
The chips were allowed to cool for 2 h before the chamber was brought to 1 atm pressure by opening the door. Then, the SMPRI chips were removed from the chamber and placed in a desiccator for 24 h.
Deposition of chiral STF with a silver-nanoparticle layer
Two types of SMPRI chips containing a silver-nanoparticle layer were fabricated in order to determine the effects of that layer on SPP-wave modes. In chips of the first type, the silver-nanoparticle layer was deposited immediately after the deposition of the first structural period of a three-period chiral STF. In chips of the second type, the silver-nanoparticle layer was deposited immediately after the deposition of the second structural period of a three-period chiral STF.
In order to deposit the silver-nanoparticle layer, the deposition of the chiral STF was interrupted by pausing the computer-controlled stepper motor and engaging the shutter to block the vapor flux from reaching the samples. Care was taken so that the periodicity of the chiral STF was not interrupted. The chamber was exposed to 1 atm pressure after allowing the samples to cool for 2 h. Then, the notched boat that housed LaF 3 was replaced with a dimple-style boat (S8A-.005W, R.D. Mathis) with a small chunk of bulk silver. The deposition-control program was adequately modified to accommodate the deposition of silver. The chamber was closed and then brought to P base ¼ 1.5 × 10 −5 Torr. Current through the dimple-styled boat was slowly increased to 70 A. The shutter was then disengaged, and a steady deposition of silver continued at a rate of 0.2 nm s −1 until the QCM indicated that a 5-nm-thick film comprising silver nanoislands 31 was deposited on tops of the tips of the nanohelixes of the chiral STF. The shutter was then re-engaged, the current was brought down to 0 A, the chamber was cooled for 2 h, and the chamber door was opened. The deposition of the chiral STF was resumed thereafter. Figure 2 is a cross-sectional image of an SMPRI chip containing a three-period chiral STF with the 5-nm-thick silver-nanoparticle layer deposited after the first period. Its measured thickness of 1340 nm compares favorably with the 430 × 3 þ 30 þ 5 ¼ 1325 nm thickness that was planned for.
Turbadar-Kretschmann-Raether Measurements
For TKR measurements, an SMPRI chip comprising an Al film partnering an N-period-thick LaF 3 chiral STF with/without a silver-nanoparticle layer was positioned on the hypotenuse of a 45 deg-90 deg-45 deg prism made of SF11 glass (45-950, Edmund Optics, Barrington, New Jersey), as shown in Fig. 3 ; thus, n prism ¼ n SF11 . The SF11 glass substrate of the chip was affixed to the SF11 glass prism using a droplet of an index-matching liquid (1815X, Cargille Laboratories, Cedar Grove, New Jersey), in order to remove any refractive-index mismatch and/ or air bubbles while ensuring optical coupling between the substrate and the prism.
The prism-chip assembly was then affixed to the vertex of a custom-built machine shown in Fig. 4 , which measures the intensity of light exiting the second slanted face of the prism. This machine has one arm on which a fiber-optic cable (P1000-2-VIS-NIR, Ocean Optics, Dunedin, Florida) is mounted. The cable transmits light from a white-light source (HL-2000, Ocean Optics, Dunedin, Florida) into a beam-expanding lensing system, a linear polarizer (LPNIRE100-B, ThorLabs, Newton, New Jersey), and a 630-nm narrow-bandpass filter (FB630-10, ThorLabs) toward one slanted face of the prism. The light exiting the polarizer can be chosen to be either p or s polarized. The intensity of light exiting the second slanted face of the prism is measured by a CCD camera (DCU223M, ThorLabs) mounted on the second arm of the machine. The two arms of the machine rotate in tandem as α is varied, the rotation being controlled using a stepper motor (NEMA23-597, Applied Motion Products, Watsonville, California) coupled with a 3540i stepper driver (3540i, Applied Motion Products), both operated using commercial software (SiNet Hub Programmer, Applied Motion Products). The CCD camera captured the intensity of the reflected light in the form of a bitmap image using the uc480 Camera Manager (ThorLabs). In total, 250 images were captured for α ∈ ð20 deg; 70 deg at intervals of Δα ¼ 0. Fig. 3 Schematic of the TKR configuration wherein a substrate with an Al thin film partnering a LaF 3 -chiral STF is affixed to the hypotenuse of an SF11 prism. A thin layer of silver particles is embedded after either the first (shown) or the second structural period in the chiral STF. A thin layer of an index-matching liquid is placed between the substrate and the prism. Light emitted from a white-light source passes through a beam-expanding lensing system, a polarizer, and a 630-nm narrow-bandpass filter before entering the prism through one of its two slanted faces. The intensity of light leaving the other slanted face of the prism is imaged with a CCD camera and recorded as a function of θ. Either air or an aqueous solution occupies the void regions of the silver-impregnated chiral STF.
were occupied by air or a drop of water or an aqueous solution was placed on the exposed surface of the chiral STF 20 min before the reflectance measurements were carried out.
Results and Discussion
Air-Filled Void Regions
Chiral sculptured thin film without silver-nanoparticle layer
In Fig. 5(a) , R is plotted against θ ∈ ð31 deg; 59 degÞ for two SMPRI chips in which the void regions of the chiral STF are occupied by air and the incident light is p polarized. Whereas N ¼ 3 for one chip, N ¼ 4 for the other chip. In neither chip does the chiral STF have a silver-nanoparticle layer. No transmittance into air on the other side of the chiral STF is possible for θ > sin −1 ðn air ∕n SF11 Þ ¼ 34.22 deg.
Reflectance dips for the three-periods-thick chiral STF are present at θ ∈ f35.79 deg; 41.50 deg; 45.63 degg, and for the four-periods-thick chiral STF at θ ∈ f36.11 deg; 40.75 deg; 44.41 deg; 46.63 degg. Allowing for no more than a 1-deg difference between the angular locations of SPP-wave modes, because the angular locations do have a weak dependence with a threshold on the thickness of the partnering dielectric material, 11, 32 we identified three distinct SPP-wave modes in Fig. 5(a) with ellipses. The dip located at θ ¼ 44.41 deg for the four-period-thick chiral STF is a waveguide mode, 11, 18, 29, 30 which depends on the thickness of the chiral STF.
In Fig. 5(b) , R is plotted against θ for two SMPRI chips in each of which the void regions of the chiral STF are occupied by air and the incident light is s polarized. A black ellipse contains the dips located at θ ¼ 38.62 deg and θ ¼ 38.76 deg for the three-and four-period-thick chiral STFs, respectively. The close proximity of these dips to one another indicates that the incident s-polarized light excited an SPP-wave mode. Figure 6 (a) shows R as a function of θ when the incident light is p polarized, the chiral STF in the SMPRI chip has N ¼ 3 periods, and the void regions of the chiral STF are occupied by air. Data are presented for the chiral STF without a silver-nanoparticle layer, the chiral STF having a silver-nanoparticle layer immediately after the first period, and the chiral STF having a silver-nanoparticle layer immediately after the second period.
Chiral sculptured thin film with silver-nanoparticle layer
Reflectance dips located at θ ∈ f37.52 deg; 42.84 deg; 46.98 degg when the chiral STF has a silver-nanoparticle layer immediately after the first period match well with the reflectance dips located at θ ∈ f36.98 deg; 42.96 deg; 47.76 degg when the chiral STF has a silver-nanoparticle layer immediately after the second period.
Comparison with the reflectance dips located at θ ∈ f35.79 deg; 41.50 deg; 45.63 degg [in Fig. 5(a) ] when the chiral STF does not have a silver-nanoparticle layer indicates that this layer tends to shift the angular locations of the SPP-wave modes rightward on the θ axis. Concomitantly, this shift indicates that all three SPP-wave modes are mostly confined to within the first two or three periods of the chiral-STF/metal interface. 32 Figure 6(b) is the analog of Fig. 6(a) , but for incident s-polarized light. The reflectance dip located at θ ¼ 39.94 deg when the chiral STF has a silver-nanoparticle layer immediately after the first period matches well with the reflectance dip located at θ ¼ 40.17 deg when the chiral STF has a silver-nanoparticle layer immediately after the second period.
Comparison with the reflectance dip located at θ ¼ 38.62 deg [in Fig. 5(b) ] when the chiral STF does not have a silver-nanoparticle layer confirms that this layer tends to shift the angular locations of the SPP-wave modes rightward on the θ axis. We concluded from Figs. 5 and 6 that the insertion of a silver-nanoparticle layer does not affect the location of the SPP-wave modes to an extent that would render the data uninterpretable. 
Water-Filled Void Regions
In order to confirm that the chiral STF containing a silver-nanoparticle layer can be used in an optical sensor, a water droplet was placed on top of the SMPRI chip, thereby filling the void regions of the chiral STF with water. No transmittance of light into water on top of the chiral STF is possible for θ > sin −1 ðn H 2 O ∕n SF11 Þ ¼ 48.57 deg, where the refractive index of water n H 2 O ¼ 1.333. Based on experience with chiral STFs without a silver-nanoparticle layer, 18 we expected the number of SPP-wave modes to possibly decrease and their angular locations on the θ axis to shift rightward. Figure 7 (a) shows R as a function of θ when the incident light is p polarized, the chiral STF has N ¼ 3 periods, and the void regions of the chiral STF are occupied by water. Data are presented for the chiral STF without a silver-nanoparticle layer, the chiral STF having a silver-nanoparticle layer immediately after the first period, and the chiral STF having a silver-nanoparticle layer immediately after the second period. Analogous data are presented in Fig. 7(b) for the incident light being s polarized.
In Fig. 7(a) , there are reflectance dips at i. θ ∈ f51.63 deg; 54.76 degg when the silver-nanoparticle layer is absent from the chiral STF, ii. θ ∈ f52.39 deg; 55.82 degg when the silver-nanoparticle layer is present immediately after the first period in the chiral STF, and iii. θ ∈ f51.52 deg; 55.92 degg when the silver-nanoparticle layer is present immediately after the second period in the chiral STF.
Thus, there are slight shifts of the angular locations of both SPP-wave modes due to the silvernanoparticle layer, but the effect is not deleterious for either of the SPP-wave modes. Parenthetically, the reduction of the number of SPP-wave modes from three in Fig. 6 (a) to two in Fig. 7(a) is due to the lessening of anisotropy and a tendency toward homogeneity when air is replaced by water in the void regions of a chiral STF. 18 Finally, in Fig. 7(b) , there are clear reflectance dips at θ ¼ 52.93 deg and θ ¼ 55.64 deg when the silver-nanoparticle layer is absent from the three-period-thick chiral STF. We think that only the dip at θ ¼ 55.64 deg possibly indicates the excitation of an SPP-wave mode, because only that dip is replicated (at somewhat higher values of θ) when the silver-nanoparticle layer is present both after the first (θ ¼ 56.34 deg) and after the second (θ ¼ 56.23 deg) periods of the chiral STF. However, as the last of those three dips is shallow, it may be of little use for sensing applications.
Sucrose-Solution-Filled Void Regions
Since the angular locations of an SPP-wave mode do not greatly depend whether the silver-nanoparticle layer is after either the first or second period in the SMRPI chip, we chose to limit further investigation to the silver-nanoparticle layer inserted after the first period of the chiral STF. Instead of water, we used droplets of 100-, 200-, or 300-mM aqueous solutions of sucrose. 27 The refractive indexes of those sucrose solutions are n 100 , n 200 , and n 300 ∼ 1.338, 1.343, and 1.348, respectively. 33, 34 In Fig. 8(a) , there are reflectance dips at i. θ ∈ f51.63 deg; 54.76 degg when water infiltrates the void regions of the chiral STF, ii. θ ∈ f52.39 deg; 55.39 degg when a 100-mM-sucrose solution infiltrates the void regions of the chiral STF, iii. θ ∈ f52.70 deg; 55.71 degg when a 200-mM-sucrose solution infiltrates the void regions of the chiral STF, and iv. θ ∈ f53.37 deg; 55.92 degg when a 300-mM-sucrose solution infiltrates the void regions of the chiral STF, when the incident light is p polarized. A silver layer is absent from the chiral STF. SPP-wave modes identified in the figure are labeled as "1" for the first group and "2" for the second group. The angular locations of the SPP-wave modes expectedly shift to higher values of θ as the refractive index of the infiltrating aqueous solution increases. 18 In Fig. 8(b) , incident s-polarized light excites SPP-wave modes in the vicinity of θ ¼ 53 deg and 55 deg. Although reflectance dips are clearly expressed, they are shallow. However, a trend that shows an increase in the angular location as the refractive index of the infiltrant fluid increases is evident, but the use of s-polarized incident light will require better selections of the chiral-STF material, the period 2Ω, and the number of periods N for optical-sensing purposes.
In Fig. 9 , data are provided when the chiral STF contains a silver-nanoparticle layer after the first period. There are reflectance dips in Fig 9(a) Fig. 8(a) indicates that the angular locations of the SPP-wave modes shift slightly to higher values of θ when the silver-nanoparticle layer is present. Figure 9 (b) is similar to Fig. 9(a) , except that the incident plane wave is s polarized. Reflectance dips are clearly expressed but are shallow, similarly to those in Fig. 8(b) . Better selections of the chiral-STF material, 2Ω, and N appear necessary before s-polarized incidence could be used for optical sensing with the SMPRI chips. 
Sensitivity
The sensitivity was calculated in order to estimate the fabricated SMPRI chip's capabilities as follows. Let θðn infil ; mÞ denote the angle of incidence for a reflectance dip indicating the excitation of the SPP-wave mode labeled m ∈ ½1;2 in Fig. 6(a) , when n infil is the refractive index of the infiltrant fluid (which could be air, water, or an aqueous solution of sucrose, in this section). Then, a sensitivity with respect to water as the reference fluid is defined as 18 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 1 1 6 ; 4 4 3 ρðn infil ; mÞ ¼ θðn infil ; mÞ − θðn H 2 O ; mÞ
The sensitivities displayed in Table 1 are for an SMPRI chip whose chiral STF does not contain a silver-nanoparticle layer, and were calculated using data from Fig. 8(a) . The highest sensitivity of 152 degree/refractive-index unit (deg /RIU) is significantly larger than those reported in our previous study 18 wherein the highest sensitivity of 93.33 deg ∕RIU was reached for similar chips without a silver-nanoparticle layer; the increase may be attributed to the replacement of a photodiode with a CCD camera to measure R. A reduction in sensitivity from SPPwave mode 1 to 2 is due to the compression of the values of sin θ as θ increases.
The sensitivities displayed in Table 2 are for an SMPRI chip whose chiral STF does contain a silver-nanoparticle layer after the first period, and were calculated using data from Fig. 9(a) . Incorporation of the silver-nanoparticle layer significantly increases the sensitivity, by as Table 1 Sensitivity ρ for the m'th SPP-wave mode calculated using the data in Fig. 8a . The SMPRI chip does not contain a silver-nanoparticle layer. Table 2 Sensitivity ρ for the m'th SPP-wave mode calculated using the data in Fig. 9a . The SMPRI chip contains a silver-nanoparticle layer. much as 85% for the SPP-wave mode 1. The effect is not impressive for the SPP-wave mode 2, but even so the silver-nanoparticle layer does not depress ρ.
Concluding Remarks
Previous experimental research with incident monochromatic p-polarized light has shown that the interface of a metal thin film and a chiral STF can be employed in the TKR prism-coupled configuration to sense the presence of an analyte in a liquid infiltrating the chiral STF because of shifts in the angular locations of multiple SPP-wave modes. 18 This experimental work has thus validated theoretical expectations. 17 Metal nanoparticles are often functionalized to serve as binding sites for recognition molecules in order to sense specific analytes. Therefore, we decided to embed a layer of silver nanoparticles inside a chiral STF and experimentally evaluate its effect on TKR sensing. Accordingly, we fabricated several substrate/metal/chiral-STF/silver-nanoparticles/chiral-STF multilayers to serve as chips for SMPRI. Aluminum was chosen for the metal thin film and lanthanum fluoride for the chiral STF. Several experiments were conducted to determine the effects of the silvernanoparticle layer, which was deposited immediately after either the first or the second period of a three-period-thick chiral STF. Monochromatic light was used to excite the SPP-wave modes. The incident light was either p or s polarized, and the angle of incidence θ on the prism/metal interface layer was varied. The reflectance R was measured as a function of θ, to determine the excitation of SPP-wave modes.
The angular locations (on the θ axis) of the SPP-wave modes were found not to greatly depend on whether the silver-nanoparticle layer is deposited after the first or the second period of a three-periods-thick chiral STF. This positive result indicates that the silver-nanoparticle layer is not debilitating for sensing applications.
Using aqueous solutions of sucrose as infiltrant fluids, we determined that the angular locations of the SPP-wave modes shifted rightward when the refractive index of the infiltrant fluid increased. The use of a CCD camera for SMPRI was found to increase the sensitivity, in contrast to previous research 18 in which a photodiode had been used to measure R. Finally, the silvernanoparticle layer was also found to enhance the sensitivity, this finding being in consonance with experimental results on SPP-wave-based sensors that do not contain chiral STFs but with metallic nanoparticles dispersed in the fluid to be sensed. 24, 35 
